Introduction {#Sec1}
============

Scientists have been depicting the threats that tropical dry forests are exposed to for many years^[@CR1]--[@CR6]^ and have identified some parts of this ecosystem as places of tremendous diversity and endemism^[@CR7]--[@CR9]^. These insights have supported the establishment of new protected areas in several regions of the world--for instance, the Brazilian Minister of the Environment identified 52 priority areas for conservation in the Caatinga in 2002, 27 of which were catalogued as an extreme priority^[@CR10]^; Koleff *et al*.^[@CR11]^ stated in 2012 that 42% of the Mexican tropical dry forests should be protected; several private and state-owned areas were added to the list of protected areas in Ecuador, including the 'Bosques de Paz' Biosphere Reserve, in 2017^[@CR12]^; and one of the most representative areas of Peru was placed under protection by the Amazonas Department in 2018^[@CR13]^. However, although the number of protected areas has increased and a large amount of research has been undertaken on the biophysical aspects of tropical dry forests of Latin America, Caribbean and Africa^[@CR14],[@CR15]^, little is known about the ecology and regeneration of tropical dry forests^[@CR16]^ or the effects of domestic animals and other threats on the natural regeneration of these forests, which are still diminishing in size^[@CR14]^.

The tropical dry forest that extends along the Pacific coast from the southwest of Ecuador to the northwest of Peru covers approximately 64,500 km^2^ ^[@CR17]^ and faces similar issues^[@CR18]^. This region, which is named the 'Tumbesian region', is known for its high level of endemism among woody species^[@CR7],[@CR19]^ and for being one of the better preserved areas in the region^[@CR20],[@CR21]^. Some effort has been made to understand the ecosystem functionality and the effects of animals on the forest in this region, examples of which include the studies of Jara-Guerrero *et al*.^[@CR22]^, Espinosa *et al*.^[@CR18],[@CR23],[@CR24]^, Piana & Marsden^[@CR25]^ and Cueva *et al*.^[@CR26]^, who evaluated the influence of environmental conditions, anthropogenic disturbances or soil characteristics on seed dispersal or composition of mature dry forest. However, little attention has been paid to the natural regeneration, which has rarely been studied in the region (neither that generated by sprouts nor by seeds), despite this being a key component of the sustainability of the forest^[@CR27]^. Studies that have been conducted include an assessment of the effect of goats in one village of Ecuador by Rodriguez in 2006^[@CR28]^, a very short report on a protected area in Peru by Abou *et al*. in 2010^[@CR29]^, and a structural and compositional characterisation of regeneration in three dry forest types in Ecuador by Aguirre *et al*. in 2013^[@CR30]^.

As with most tropical dry forests, natural regeneration in the Tumbesian region is affected by seasonality, which is characterised by a long period of drought for 7 months of the year^[@CR31]^, as well as by human activities, particularly the grazing of domestic animals^[@CR20]^. However, the extent to which natural regeneration is affected by these biotic and abiotic factors remains poorly understood. Therefore, in this study, we attempted to fill these knowledge gaps by addressing the following research questions: (a) What is the status of natural regeneration in the dry forest in terms of abundance and diversity, taking into account seasonality and grazing? (b) Do livestock grazing and other anthropogenic pressures affect the abundance and diversity of natural regeneration in the dry forest? (c) Does seasonality or grazing have the greatest influence on the dynamics of natural regeneration in the dry forest?

Results {#Sec2}
=======

Status of natural regeneration {#Sec3}
------------------------------

Measurements were made across a total of 1,152 m^2^ of dry forest during five surveys (four in fenced plots), that were carried out over a nearly 2-year period. The total number of seedlings recorded in fenced plus unfenced plots in the evaluated area were: 6,280; 4,751; 5,069 and 4,572 individuals in surveys 2, 3, 4 and 5 respectively. The average number of seedlings per plot projected to one hectare and computed for each survey varied from 21,900 to 57,200 individuals in unfenced plots and from 43,500 to 51,800 individuals per ha in fenced plots (Fig. [1a](#Fig1){ref-type="fig"}). The average abundance decreased slightly from the rainy season to the dry seasons, but remained relatively constant when measurements from the same season and treatment were compared. This seasonal effect was less pronounced in the fenced plots than the unfenced plots due to the lower dry season mortality (Fig. [1b](#Fig1){ref-type="fig"}) resulting in similar numbers of individuals occurring in the two seasons (median number of individuals per ha = 35,300--41,200 in fenced plots and 26,900--40,600 in unfenced plots).Figure 1Changes in the natural regeneration parameters through time and under different treatments. **(a)** Abundance, **(b)** mortality, **(c)** recruitment, **(d)** species richness and **(e)** diversity of seedlings on each survey date in unfenced and fenced plots. Fenced plots were not assessed in survey 1 because they were selected based on the first evaluation of the unfenced plots. Numbers from 1 to 5 correspond to consecutive surveys, which spanned a 2-year period. Yellow = dry season, blue = rainy season.

In the first rainy season, *Simira ecuadorensis* (Standl.) Steyerm and *Erythroxylum glaucum* O. E. Schulz had the highest abundances in the study area (1,447 and 1,371 individuals, respectively). *Simira ecuadorensis* showed good resistance to the dry season, with 1,561 individuals being recorded in the final survey. By contrast, most *E. glaucum* individuals died during the dry season, with only 265 individuals being recorded alive in the final survey.

During the monitoring period, the mortality of plants was influenced by seasonality, increasing from an average of 9.0% in the rainy season to 35.8% in the dry season, with the same pattern being observed across both treatments (Fig. [1b](#Fig1){ref-type="fig"}). However, mortality was slightly lower in the fenced plots than in the unfenced plots. Substantial recruitment was recorded in the fenced plots in surveys 3 and 4 (21.4% and 16.6%, respectively), whereas recruitment was very low in the final survey (3.1%). By contrast, recruitment decreased over time from 16.1% to 3.7% in the unfenced plots, even during the rainy season (Fig. [1c](#Fig1){ref-type="fig"}).

A total of 85 species from 31 families were recorded in the study area (see Supplementary Table [S1](#MOESM1){ref-type="media"}), which included 37 tree species, 36 shrub species and 12 species that could not be identified. The number of species remained almost the same across surveys 2 to 5 in the unfenced plots (mean = 8.8, 8.6, 9.1 and 8.7 species per plot, respectively) but showed a slight increase over time in the fenced plots (mean = 8.4, 8.8, 9.6 and 9.4 species per plot) (Fig. [1d](#Fig1){ref-type="fig"}). A similar pattern was also observed for Simpson's index, which had mean values ranging from 0.62 in survey 1 to 0.67 in survey 4 for the unfenced plots and 0.62 in survey 3 to 0.66 in survey 4 for the fenced plots (Fig. [1e](#Fig1){ref-type="fig"}). Surprisingly, during the evaluation period no seedlings were recorded for some of the characteristic species^[@CR32]^ of the study area, including *Ceiba trischistandra* (A.Gray) Bakh., *Cavanillesia platanifolia* (Bonpl.) Kunth, *Eriotheca roseorum* (Cuatrec.) A.Robyns and *Myroxylon balsamum* (L.) Harms. Furthermore, only a few individuals of other species were recorded, such as *Centrolobium ochroxylum* Rose ex Rudd (one individual) and *Loxopterygium huasango* Spruce ex Engl. (two individuals).

Effects of biotic and abiotic factors on natural regeneration {#Sec4}
-------------------------------------------------------------

Model selection revealed that the amount of variance in abundance that could be explained by the best models ranged from 10% to 13% for the fixed effects and from 56% to 60% for the fixed + random effects. Abundance appears to be more influenced by pressure predictors (Table [1](#Tab1){ref-type="table"}). By contrast, the amount of variance in species richness that could be explained by the best models ranged from 51% to 63% for the fixed effects and equated to 72% for the fixed + random effects. The diversity was explained only by the soil predictors; just one model was selected, which explained 40% of the variance using the fixed effects and 53% of the variance using both fixed + random effects.Table 1Best models explaining the influence of biotic and abiotic factors on the response variables abundance, species richness and diversity.ModeldfAIC∆AIC*R2mR2c***Abundance**\~1 + Equine \* Treat + SPrec + Cattle83158.110.000.100.57\~1 + Goats \* Cattle \* Equine \* Treat + SPrec193159.100.990.130.60\~1 + Equine \* Treat + Cattle \* Treat + SPrec93159.941.830.100.57\~1 + Equine \* Treat + SPrec73159.971.860.100.56**Species richness**\~1 + SPrec + Treat + SDepth + Drain121530.180.000.630.72\~1 + SPrec + SDepth + Drain111530.450.280.620.72\~1 + Equine + SPrec + Treat + SDepth + Drain131531.731.560.630.72\~1 + Cattle + SPrec + Treat + Text101531.821.650.510.72\~1 + Equine + SPrec + SDepth + Drain121532.011.830.630.72**Diversity**\~1 + Drain + Text8−233.700.000.400.53Linear mixed models were computed using a negative binomial error distribution for abundance, the Poisson distribution with the Laplace approximation for species richness and the restricted maximum likelihood (REML) approach for diversity. Models were selected and ordered according to the delta Akaike information criterion (∆AIC \< 2). *R2m* and *R2c* represent the amount of variance that was explained by the fixed effects and fixed + random effects, respectively.

Four models were identified as best explaining the abundance of natural regeneration (Table [1](#Tab1){ref-type="table"}). All of these models included rainy season precipitation (SPrec) and three included the interaction between the presence of horses and donkeys (Equine) and treatment (Treat). Only the best model included the presence of cows and bulls (Cattle) as an independent predictor, while the second and third best model include this predictor as a term of interaction. The four-way interaction between the presence of goats (Goats), Cattle, Equine and Treat was included in the second-best model, and the interaction between Cattle and Treat was included in the third-best model.

Both Equine and SPrec had significant positive effects on the abundance of natural regeneration, with the latter having the most evident positive effect (Table [2](#Tab2){ref-type="table"}; Fig. [2a,b](#Fig2){ref-type="fig"}). By contrast, Cattle had a significant negative effect on abundance (Table [2](#Tab2){ref-type="table"}; Fig. [2c](#Fig2){ref-type="fig"}), indicating that natural regeneration is affected by the grazing of cows and bulls. While fences (Treatopen) did not affect the number of individuals when it was used as main predictor (Fig. [2d](#Fig2){ref-type="fig"}), the interaction Treat and Equine had a significant negative effect (Table [2](#Tab2){ref-type="table"}; Fig. [2e](#Fig2){ref-type="fig"}), demonstrating that the abundance of regenerating seedlings was lower in unfenced sites where horses were present than in fenced sites where horses had previously been present.Table 2Effects of structure and diversity predictors on the response variables abundance, species richness and diversity in the best models.PredictorEstimateStd. Error*p* (\<0.05)**Abundance**(Intercept)3.170.25\<2.0 × 10^−16^\*\*\*Equine0.930.237.0 × 10^−5^\*\*\*Treatopen−0.010.070.89SPrec0.390.085.7 × 10^−7^\*\*\*Cattle−0.370.180.05\*Equine:Treatopen−0.990.273.1 × 10^−4^\*\*\***Species richness**(Intercept)−0.150.300.61SPrec0.150.053.6 × 10^−3^\*\*Treatopen−0.060.040.13SDepth11--20 cm1.320.282.2 × 10^−6^\*\*\*SDepth21--50 cm1.930.271.2 × 10^−12^\*\*\*SDepth51--100 cm1.450.261.7 × 10^−8^\*\*\*SDepth \>100 cm2.060.296.1 × 10^−13^\*\*\*DrainModerated0.450.160.01\*\*DrainGood0.280.140.05\***Diversity**(Intercept)0.190.070.01\*\*DrainModerated0.160.080.04\*DrainGood−0.050.080.52TextClay loam0.170.080.04\*TextLoam0.220.062.0 × 10^−4^\*\*\*TextSandy loam−0.120.100.27The *p-*values of 0.05 for Cattle as a predictor of abundance and DrainGood as a predictor of species richness were due to rounding. \*\*\**p* \< 0.001; \*\**p* \< 0.01; \**p* \< 0.05.Figure 2Relationship between the abundance of regenerating seedlings and the predictors. **(a)** equines, **(b)** seasonal precipitation, **(c)** cattle, **(d)** treatment and **(e)** the treatment--equine interaction. **(f)** A comparison of the amounts of cattle and equine faeces in the study area, presented as dry weights.

Species richness was best explained by five models, all of which included SPrec, four of which included soil depth (SDepth) and drainage (Drain), and three of which included Treat (Table [1](#Tab1){ref-type="table"}). All of these predictors were included in the best model.

SPrec had a significant positive influence on species richness (Table [2](#Tab2){ref-type="table"}), indicating that species richness was higher in the rainy season. Species richness was also significantly higher in sites with deeper soils than in sites with shallow soils (\<10 cm) and in sites with moderately and well-drained soils than in sites with compacted or non-permeable soils (Table [2](#Tab2){ref-type="table"}). As seen for abundance, fences did not affect the species richness in our study area.

Only one model was selected for diversity, which included soil drainage and texture (Text) as predictors (Table [1](#Tab1){ref-type="table"}). Moderately drained soils had a significant positive effect on the diversity compared with poorly drained soils, and sites with clay loam and loam soils had a significantly higher diversity than those with clay--sandy loam soils (Table [2](#Tab2){ref-type="table"}).

Regarding the dynamics of natural regeneration, 36% and 56% of the variance in mortality was explained by the fixed and fixed + random effects, respectively, that were included in the best model, while 30--35% and 60--61% of the variance in recruitment was explained by the fixed and fixed + random effects, respectively (Table [3](#Tab3){ref-type="table"}).Table 3Best models explaining the dynamics of natural regeneration. Linear mixed models were computed using the restricted maximum likelihood (REML) approach with a Bayesian fit for mortality and a Gaussian error distribution for recruitment.ModeldfAIC∆AIC*R2mR2c***Mortality**\~1 + SPrec + Treat + Time8587.180.000.360.56**Recruitment**\~1 + SPrec \* Time + Treat10657.590.000.350.61\~1 + SPrec + Time8659.201.620.300.60Models were selected and ordered according to the delta Akaike information criterion (∆AIC \< 2). *R2m* and *R2c* represent the amount of variance that was explained by the fixed effects and fixed + random effects, respectively.

Only one model was identified as best explaining mortality, which included SPrec, Treat and elapsed time (Time) as fixed effects (Table [3](#Tab3){ref-type="table"}). Both SPrec and Time had significant negative effect on mortality (Table [4](#Tab4){ref-type="table"}), indicating that mortality was lower in the rainy season than in the dry season and also decreased with elapsed time through the monitoring period. In addition, the mortality of natural regeneration was significantly higher in unfenced plots than in the fenced plots.Table 4Effects of predictors of mortality and recruitment that were included in the best models.PredictorEstimatesStd. Error*p* (\<0.05)**Mortality**(Intercept)8.020.59SPrec−1.610.15\<2.2 × 10^−16^\*\*\*Treatopen0.330.113.7 × 10^−3^\*\*Time−0.110.023.0 × 10^−5^\*\*\***Recruitment**(Intercept)−9.355.520.09^†^SPrec7.672.800.01\*\*Time0.630.320.05^†^Treatopen−0.100.140.44SPrec:Time−0.420.160.01\*\*\*\**p* \< 0.001; \*\**p* \< 0.01; \**p* \< 0.05; ^†^*p* \< 0.1.

The two best models explaining recruitment both included SPrec and Time as predictors (Table [3](#Tab3){ref-type="table"}). While both of these predictors had a positive influence on recruitment, only SPrec was significant (Table [4](#Tab4){ref-type="table"}), indicating that the recruitment of new individuals increases during the rainy season. There was also a significant negative interaction between these predictors on the recruitment of new seedlings, demonstrating that the effect of the rainy season precipitation decreased as time elapsed or the effect of time decreased as rainfall increased. Fences did not affect the rate of recruitment.

Discussion {#Sec5}
==========

State of natural regeneration {#Sec6}
-----------------------------

Seasonality had a large influence on the number of individuals throughout the study period, with the abundance increasing during the rainy season and decreasing during the dry season, as would be expected (Fig. [1a](#Fig1){ref-type="fig"}). This difference was particularly evident in the unfenced plots. By contrast, Rodriguez^[@CR28]^ found that the number of individuals decreased over time in both unfenced and fenced plots in a smaller part of the same study area, even during the rainy season. Our finding that there was an almost constant number of individuals in the fenced plots showed that a fencing effect mainly occurred during the dry season, when food availability was lower and animals needed to be meticulous in searching for food. Similarly, in an evaluation of the effects of ungulates (cattle and goats) in Hawaii, Cabin *et al*.^[@CR33]^ found that there was a much higher abundance of seedlings in a year that was catalogued as being rainy (1997) compared with a year that was exceptionally dry (1998), when there was a marked decrease in the number of seedlings across both treatments and no additional individuals of the most abundant species \[*Diospyros sandwicensis* (A.DC.) Fosberg\] throughout the year.

Previous studies have also found that mortality is highly seasonal^[@CR28],[@CR33],[@CR34]^. For example, Rodriguez^[@CR28]^ reported maximum mortalities of 20% in the rainy season and 67% in the dry season (across 4 and 2 months, respectively), and Lieberman & Li^[@CR34]^ reported maximum mortalities of 12% in the rainy season and 33% in the dry season (across 2 months in both cases). Similarly, in the present study, we obtained maximum mortality values of 23% for the rainy season and 85% for the dry season (across 4 and 6 months, respectively). If we make the same comparison for the fenced plots, the maximum values were 23% for the rainy season and 36% for the dry season (across 2 months for each) in the study of Rodriguez^[@CR28]^ and 35% in the rainy season and 87.5% in the dry season (across 4 and 6 months, respectively) in the present study. These findings indicate that mortality during the dry season was much higher in the present study than has previously been reported, which may have resulted from the low number of individuals in some samples resulting in most or all of the seedlings (e.g. two from a total of three seedlings) dying before the next evaluation.

Lieberman & Li^[@CR34]^, Cabin *et al*.^[@CR33]^ and Vieira & Scariot^[@CR35]^ stated that both mortality and recruitment are highly seasonal in tropical dry forests, with higher mortality in the dry season and higher recruitment in the rainy season. By contrast, we found that there was a continuous decrease in recruitment in the unfenced plots, even during the rainy season (Fig. [1c](#Fig1){ref-type="fig"}). However, recruitment in the fenced plots was closer to their prediction -- for example, there was similar recruitment between the first dry period and the next wet period, followed by a sharp decrease in the second dry period (Fig. [1c](#Fig1){ref-type="fig"}). The unclear seasonal influence in our study area could be explained by the unusual climatic situation during the previous rainy season (survey 2), when precipitation was restricted to only two or three relevant events in January, almost no rainfall in February and a short rainy period from March to May, followed by some light showers even in June, which contrasts with the continuous rains that usually occur from December to March. Therefore, it is likely that several seedlings that established during the wet period (after our assessment) were recorded in the dry period in survey 3.

It has previously been noted that seed banks in tropical dry forests contain low numbers of seeds and species^[@CR18],[@CR36]^. Ceccon *et al*.^[@CR36]^ and Ray & Brown^[@CR37]^ argued that the low number of species with high seed germination rates and high mortality rates was mainly caused by environmental stress, predation and dispersal restrictions and, according to Espinosa *et al*.^[@CR18]^, our study area is also affected by these conditions. Therefore, since the low availability of seeds negatively affects the species richness and abundance, shoot propagation is considered more important than seed propagation in the study area^[@CR18],[@CR30]^.

The total number of species we recorded was considerably higher than the 21 species reported by Aguirre *et al*.^[@CR30]^ for the Ecuadorian part of the same study area and the 53 species reported by Lieberman & Li^[@CR34]^ in a small 120-ha tropical dry forest patch located in Ghana. As in the present study, Rodriguez^[@CR28]^ detected a small difference in species richness between treatments, with a slightly higher number of species and diversity index in fenced plots. However, unlike our results, Rodriguez^[@CR28]^ also found that the number of species decreased over time in fenced plots, which could be related to the fact that recruitment was not accounted for. Similarly, Cabin *et al*.^[@CR33]^ found that plots in a preserved area that had been fenced for 40 years had a larger number of species than unfenced plots, as well as a larger number of native than exotic species.

Species that were characteristic of the study area^[@CR32]^, such as *Ceiba trischistandra*, *Cavanillesia platanifolia*, *Eriotheca roseorum* and *Myroxylon balsamum*, were previously recorded in a mature forest inventory^[@CR26]^ and, according to Aguirre & Kvist^[@CR20]^, populations of the first two of these species have been maintained or may even have recovered. However, we did not record seedlings of these species in our study, and seedlings of *Centrolobium ochroxylum* and *Loxopterygium huasango* were scarce. This situation was also pointed out by Aguirre *et al*.^[@CR30]^, who attributed it to a few species having abundant regeneration in dry forests and strong perturbations. However, it may also be caused by the low diversity in the seed bank in this region^[@CR18]^ or the presence of selective seed or seedling predators.

Predictors affecting the natural regeneration {#Sec7}
---------------------------------------------

One factor that has been shown to determine the establishment, survival and development of natural regeneration in dry forest is the availability of water^[@CR18],[@CR38]^. Similarly, in the present study, seasonal precipitation (the rainy season) had the highest positive influence on all of the parameters analysed except diversity, with the abundance of seedlings, the number of species and recruitment increasing significantly and mortality decreasing significantly during the rainy season (Tables [2](#Tab2){ref-type="table"} and [4](#Tab4){ref-type="table"}). Similar results were also presented by Espinosa *et al*.^[@CR18]^, Lieberman & Li^[@CR34]^, Cabin *et al*.^[@CR33]^ and Vieira & Scariot^[@CR35]^. These effects can be attributed to the higher water availability, the accelerated decomposition of organic matter^[@CR18]^, and the higher concentration and uptake of nutrients that accumulate in the soil through the dry season when the uptake by vegetation is lower^[@CR39]^.

It is well known that unusual events such as El Niño bring major changes in the atmosphere, with temperatures that can exceed the normal average by 2 °C, while the rainfall over Peru and Ecuador can greatly increase the vegetation cover of dry lands^[@CR40]^. Therefore, a longer assessment could allow the effects of these events on natural regeneration to be analysed.

Although treatment was included in the best models for all of the parameters except diversity, fencing only had a significant positive effect on mortality and by interaction with Equine on abundance. By contrast, Rodriguez^[@CR28]^ and Cabin *et al*.^[@CR33]^ found a meaningful difference between unfenced and fenced samples for aspects such as species richness and abundance. In the present study, species richness and recruitment exhibited only small differences between fenced and unfenced plots (Tables [2](#Tab2){ref-type="table"} and [4](#Tab4){ref-type="table"}). Furthermore, although well-established young individuals between 2--3 m of height were found on private land with longer exclusion times (approximately 6 years), these were not recorded in any of our plots and only a few have been reported in the study area^[@CR30]^. Therefore, we believe that our observation time of 2 years may not have been sufficient to reveal direct fencing effects.

Fences were found to be associated with decreased mortality (Table [3](#Tab3){ref-type="table"}), which is consistent with the findings of Rodriguez^[@CR28]^. This is because fences reduce the impact of animals that eat and trample seedlings^[@CR20]^ and of people that damage individual plants when they walk through the forests or carry out extractive activities.

Animals affected only the abundance of seedlings, with cattle having significant negative effects and horses and donkeys having significant positive effects (Table [2](#Tab2){ref-type="table"}). This difference may have been caused by the current numbers of these animals in the area. It has previously been shown that cattle exert a negative effect on the structure of mature forests, particularly in terms of the abundance of individuals^[@CR41]--[@CR43]^, but there is little information about the effects of horses or donkeys on mature and young plants. Since these groups of animals have similar physical traits and food preferences, we believe that they are highly likely to have a similar impact on the forest, suggesting that the number of animals is a critical factor for the level of impact, i.e. a high number of horses or cows would lead to a high impact. Horses and donkeys were once an essential means of transport, but this function has decreased since the introduction of motorcycles. By contrast, cattle are used for meat, milk or sale, leading to a considerable increase in number (Fig. [2f](#Fig2){ref-type="fig"}). The reduced number of horses could have favoured regeneration through the contribution of manure, the scarification or distribution of seeds, reduced trampling and the low number of seedlings being eaten. When considering these results, it is important to note that our evaluation of the influence of animals was based on faecal samples, which decompose following exposure to environmental conditions such as sun, wind and water. Therefore, the effects of animals should be interpreted with caution.

Wild animals could also affect natural regeneration as well as leaf litter covering the seedlings. However, they were not considered in this study, because of the difficulty to obtain suitable data and the limited budget.

Soil depth and drainage were important predictors of species richness, with soils that were \>10 cm deep and better drained hosting larger numbers of species (Table [2](#Tab2){ref-type="table"}). Alban *et al*.^[@CR44]^ previously reported that *Prosopis pallida* seeds that were sown superficially (5 cm depth) were damaged or eaten by ants and lizards, and surface seeds will also be accessible to selective birds and rodents. Furthermore, nutrients are transported by leaching rainwater towards deeper soils^[@CR39]^, leading to a better nutritive status of deeper seeds compared to those at the surface. Since this leaching will depend on the soil drainage capacity, the lower species richness and diversity that occurs in poorly drained soils can also be explained by lower nutrient movement into the soil.

Soil texture was a significant predictor of diversity, with clay loam and loam soils having higher levels of diversity than clay--sandy loam soils (Table [2](#Tab2){ref-type="table"}). This can be explained by the high nutrient and water storage capacity, good aeration, and good root penetration of loam soils compared with sandy soils, all of which favour germination and plant development^[@CR45]^.

Elapsed time was an important predictor of mortality and recruitment (Table [3](#Tab3){ref-type="table"}). Similarly, Rodriguez^[@CR28]^ showed that mortality exhibited a constant decrease over time that was disrupted only by the rainy season. This effect was expected because the number of individuals decreases throughout the dry season and the surviving individuals will have adapted to those conditions, thus decreasing mortality.

In contrast to our findings in the mature forest^[@CR26]^, there was no evidence that the human pressure index (HPI) affected natural regeneration. One likely reason for this is that fencing restricted the activities of humans as well as animals within the plots. We also found that there was a high correlation between HPI and 10 of the other 13 predictors we used \[all except SPrec, Treat and stoniness (Ston); see Supplementary Table [S2](#MOESM1){ref-type="media"}\], which may have limited the inclusion of this predictor in the models.

Lieberman & Li^[@CR34]^ identified canopy closure as an important predictor of forest density. However, as for HPI, canopy closure was highly correlated with several of the predictors considered in our study and was considered in only 12 models (see Supplementary Table [S3](#MOESM1){ref-type="media"}). However, we found that both the number of species and the abundance of individuals tended to increase with canopy closure. This would be expected if we consider that a closed canopy favours seed germination and seedling growth because it helps to prevent the seeds of species that are dispersed by wind and gravity, which are usually produced in the dry season^[@CR46],[@CR47]^, from becoming desiccated by high temperatures. Furthermore, a closed canopy also helps to prevent fresh fruits and seeds that are dispersed by animals, which mainly occur in the rainy season^[@CR47]^, from being washed away during heavy rainfall.

Conclusions {#Sec8}
===========

Seasonal precipitation is a highly influential predictor of natural regeneration in the dry forest. However, unfortunately, the rainy season is also the period with the greatest pressures due to the high availability of food for animals. Therefore, suitable management strategies should be introduced to help halt the loss of abundance and richness due to aspects not related to drought. These programmes could be coordinated by local government and supported by farmers' organisations and communities and could include compensation for farmers for losses during the temporary closure of certain areas for 5 years or more.

Since an almost constant species richness was recorded during the 2 years of assessment, we assume that this parameter is not affected by anthropogenic activities or abiotic factors in our study area in the medium term. Furthermore, a substantial number of seedlings was recorded during the rainy period. However, more accurate information on the mortality, recruitment and abundance of individuals during the distinct phases of regeneration is essential for determining whether the forest structure will be affected in the near future.

While the use of fences to exclude all types of activity is important in the study area, this will not affect the diversity and structure of the future forest if they are only established for a short period of time. Therefore, fences must be maintained on a medium- to long-term basis.

Cattle currently deserve special attention, as they are affecting the abundance of seedlings. Control measures have already been introduced at some sites in the study area, such as regulating the number of cows per family that are allowed in the forest. However, this research shows that this rule is not working either because it is not being complied with or because the proposed limit is still too high. Since our approach of estimating the intensity of animal impact from faeces has several weaknesses, more precise animal inventories are recommended in the future, as well as determination of the carrying capacity of the forest.

Soil conditions have a much larger effect on natural regeneration than on the mature forest in the study area. Texture, drainage and soil depth are all important predictors that can generate changes in the species richness and diversity of natural regeneration. Thus, areas with suitable conditions should be identified, fenced and used as seedling production sites.

Finally, our results indicate that mortality is vulnerable to both seasonality and the actions of animals and humans, whereas recruitment is mostly affected by the former.

Methods {#Sec9}
=======

Study area {#Sec10}
----------

This research was conducted in the central part of the Tumbesian region, in southwestern Ecuador and north-western Peru (Fig. [3a](#Fig3){ref-type="fig"}). This area ranges from 200 to 1,100 m above sea level (a.s.l.)^[@CR48],[@CR49]^ and has a mean annual temperature of 20--26 °C, although this can exceed 35 °C during the rainy season^[@CR50]^. The annual precipitation ranges from 300 to 700 mm^[@CR20]^, but nearly 85% of this is registered in the 4 months from January to April and there are two or three critically dry months (September--November). Consequently, two seasons can be clearly identified according to the presence or absence of rainwater. The region is affected by El Niño events, which occur every 3--7 years and bring intense rains that cause a change in the climate^[@CR40]^.Figure 3Geographic location of the study area. The maps were built using QGIS Desktop v. 2.8.7^[@CR76]^ (<http://qgis.osgeo.org>) (**a**) Locations of the study area and protected areas within the Tumbesian region. 'ACR/ABVP', areas of regional conservancy of Perú and area of protective forests and other vegetation of Ecuador. Modified from *"La Región Tumbesina--una riqueza compartida*^[@CR77]^*"* **(b)** Distribution of clusters in the study area.

Colonisation of the area dates back to the pre-Columbian civilisations^[@CR51]^, which means that there has been quite a long period of intervention in the dry forest ecosystem, with increasingly harmful management practices being undertaken. This induced a shift in the landscape until it reached its current state. A period of intensive logging of *Handroanthus chrysanthus* (Jacq.) S.O.Grose and *H. billbergii* (Bureau & K.Schum.) S.O.Grose that had occurred for almost two decades was stopped in 1978 through the declaration of 'closed areas' in lands below 1,000 m a.s.l in southwest Ecuador^[@CR52]^. However, timber extraction for domestic use (generally of selected species) continues today because it is a permitted activity on state lands^[@CR52]^, and illegal extraction has not been completely eliminated in either country^[@CR20],[@CR50]^. Furthermore, livestock management is deficient or inexistent, with goats, cattle, horses and donkeys being released to graze freely in the forest.

Data collection {#Sec11}
---------------

### Natural regeneration {#Sec12}

Based on the dry forest types described by Lozano^[@CR53]^ and Aguirre *et al*.^[@CR49]^, we considered two formations (deciduous and semi-deciduous) and following Cueva & Chalán^[@CR54]^ three density levels (dense, semi-dense and sparse). This resulted in six different types of forest, which were considered to adequately cover most of the forest variability.

Four clusters were installed in each type of forest to give 24 clusters in total (Fig. [3b](#Fig3){ref-type="fig"}). Each of these clusters comprised three 60 × 60 m plots, within of which there were four 2 × 2 m sub-plots. After the first regeneration inventory, 12 clusters were selected from a matrix of high, medium and low regeneration abundances and species diversities. Additional sub-plots were then installed and fenced in each of these 12 clusters (four per large plot) (Fig. [4](#Fig4){ref-type="fig"}) to give four unfenced and four fenced sub-plots per plot (or 288 sub-plots in total: 144 fenced and 144 unfenced). Since the distance between the sub-plots was only 16 m and no variability was perceptible, they were grouped and treated as a single sample (Fig. [4](#Fig4){ref-type="fig"}). Thus, 12 clusters (8 in Ecuador and 4 in Peru) containing 72 samples (36 per treatment) were assessed over a total area of 1,152 m^2^.Figure 4Diagram of the cluster design. Red dots indicate the places where photographs of the canopy were captured. Transects along the eastern edges (1 × 60 m) were used to collect faeces.

Over the almost 2-year study period, five surveys of the unfenced plots were carried out in Dec. 2014, Jul. 2015, Jan. 2016, May 2016 and Nov. 2016, and four surveys of the fenced plots were carried out at the same times with the exception of Dec. 2014. During each survey, all of the seedlings of trees and shrubs that were \>5 cm tall were identified and recorded. In addition, from survey 2 onwards, any dead seedlings were recorded and all live seedlings were labelled. Thus, mortality and recruitment were computed from survey 3 onwards.

### Biotic and abiotic factors {#Sec13}

To estimate the number of grazing animals, in the first survey the faeces of goats, cows, horses and donkeys were collected along a 1 m × 60 m transect placed along the eastern border of the larger plots (Fig. [4](#Fig4){ref-type="fig"}) and separated according to the animal group. The dry weights of these samples were then obtained, combining the values for horses and donkeys.

To estimate the intensity of general anthropogenic pressure caused by activities such as firewood or timber extraction, trampling, grazing, etc., Hegyi's competition index was adapted^[@CR55]^, using the expression defined in Cueva *et al*.^[@CR26]^ to compute the HPI.

To characterise the light conditions in the plots, photographs of the canopy (Canp) were captured with a Canon EOS 300D DIGITAL camera using an 8-mm fisheye lens. One photograph was taken at the internal corners of each 2 × 2 m sub-plot (Fig. [4](#Fig4){ref-type="fig"}) in both the rainy and dry seasons. The camera was always placed 1.30 m above the ground facing north.

We included the available abiotic variables that are considered to have high influence on the structure and species composition of the tropical dry forest ecosystem^[@CR1],[@CR2]^.

Climatic information gridded to a resolution of 30 arc-seconds (approximately 1 km^2^) was obtained from Fick & Hijmans^[@CR31]^. The seasonal precipitation (SPrec) was obtained by summing separately the rainfall from January to April to obtain the amount of precipitation in the rainy season and the rainfall from May to December to obtain the amount of rainfall in the dry season. The mean annual temperature (MTemp) was obtained as an average. The altitude (Alt) was measured in the field for each plot.

For the Ecuadorian part of the study area, soil data were obtained from the Geopedological Map of Zapotillo and Celica of the Instituto Espacial Ecuatoriano^[@CR56]^. The soil parameters used were organic material (OM), soil depth (SDepth), drainage (Drain), stoniness (Ston) and texture (Text). For the Peruvian part of the study area, the Soil Classification Map of the Oficina Nacional de Evaluación de Recursos Naturales (ONERN)^[@CR57]^ was used to identify the soil type. Unfortunately, this work does not include specific information about the soil characteristics, so they were assumed to be identical to those of the same soil type in the nearest localities on the Ecuadorian side.

Time was considered as the number of elapsed months since the first survey. Treatment (Treat) comprised two groups: open for unfenced plots and exclusion for fenced plots.

The ranges or levels of all predictors can be found in Supplementary Table [S4](#MOESM1){ref-type="media"}, the full database used to evaluate structure and diversity is provided in the Supplementary Table [S5](#MOESM1){ref-type="media"} and the dataset to evaluate dynamics in the Supplementary Table [S6](#MOESM1){ref-type="media"}.

Data analysis {#Sec14}
-------------

### Data processing {#Sec15}

Abundance (Ind) and species richness (Spp) were calculated by counting the number of live individuals and species, respectively, of tree and shrub seedlings in each sample, treatment and survey period. Mortality (Mort) was computed by considering the percentage of dead individuals in relation to the number of individuals in the previous survey. The recruitment rate (Recr) was obtained by calculating the percentage of new individuals in a survey in relation to the total number of individuals in the same survey. Diversity was computed by calculating Simpson's index (Simp), as this is considered an effective and robust diversity measure^[@CR58]^.

The canopy images were processed by Geigl^[@CR59]^ using Gap Light Analyzer v2.0 software^[@CR60]^ (available on <https://www.caryinstitute.org/science/our-scientists/dr-charles-d-canham/gap-light-analyzer-gla>). Canopy coverage was computed as a percentage, and the average among the four sub-plots (unfenced and fenced plots were averaged separately) was used for each sample.

### Statistical analysis {#Sec16}

Generalized linear mixed models (GLMMs)^[@CR61]--[@CR63]^ were applied to identify the effects of various predictors on the parameters evaluated. The response variables were the abundance of regeneration as a structure indicator; mortality and recruitment as indicators of the dynamics; and species richness and Simpson's index as indicators of the diversity of natural regeneration.

A total of 14 predictors were used: five biotic indicators (Goats, Cattle, Equine, HPI and Canp); eight abiotic variables related to climate, geography and soil (SPrec, MTemp, Alt, OM, SDepth, Drain, Ston and Text); and treatment (Treat). To improve the model fitting the predictor variables were transformed as shown in the Supplementary Table [S4](#MOESM1){ref-type="media"}.

Correlations among all of the predictor variables were tested (Supplementary Table [S2](#MOESM1){ref-type="media"}) and models were then built by considering that strongly correlated predictors could not be included in the same model to avoid collinearity. In addition, a maximum of five predictors were included in each model to avoid overfitting^[@CR64]^, resulting in 168 candidate models. A further 18 models were also built that included interactions between variables representing anthropogenic pressure and those that Cueva *et al*.^[@CR26]^ identified as having a relevant influence on the structure and diversity of the mature forest. Thus, a total of 186 candidate models were tested (see Supplementary Table [S3](#MOESM1){ref-type="media"}). The asterisk (\*) between interaction terms represents both the higher-order interaction term as well as the lower-order main effects.

The predictors SPrec, Treat and Time and their interactions were chosen to predict mortality and recruitment. In this instance, we only evaluated the effect of these three predictors because our goal was to assess if animals are more influential than seasonality, which would allow us to say if management policies are required to improve conditions in the dynamic of natural regeneration. Thirteen models were built for this purpose (see Supplementary Table [S7](#MOESM1){ref-type="media"}). In all cases, formation and cluster were considered as random effects (plots were nested within clusters, and clusters were nested within formations), and Time was considered as a random slope to account for the repeated measures.

The effects of the predictors on abundance were assessed using the maximum likelihood approach with a negative binomial error distribution to deal with overdispersion^[@CR65]^. The effects of the predictors on species richness were assessed using a GLMM with a Poisson error distribution and the Laplace approximation to get a true likelihood^[@CR62],[@CR66]^. The effects of the predictors on diversity were assessed using the REML approach^[@CR62]^. All of these analyses were performed using the lme4 package^[@CR61]^ v1.1--21. The effects on mortality were assessed using the REML approach and Bayesian fitting to deal with singular fitting^[@CR67]^ using the blme package^[@CR68]^ v1.0--4. Finally, the effects of the predictors on recruitment were assessed using a GLMM with a Gaussian error distribution and link identity because 22% of the recruitment values were zeros. The glmmTMB package^[@CR69]^ was used, as this is able to deal with zero-inflated model^[@CR70]^.

Model selection was carried out using the delta Akaike information criterion (∆AIC \< 2)^[@CR71]^. For all models, we computed the marginal and conditional variance (*R2m* and *R2c*, respectively)^[@CR72]^ to determine the proportion of the variance that was explained by each model. *R2m* and *R2c* were calculated using the MuMIn package^[@CR73]^ v1.42.1 when the lme4 and blme packages were used and the sjstats package^[@CR74]^ v0.17.4 when the glmmTMB package was used.

All analyses were performed in the R programming environment v3.5.3^[@CR75]^.

Supplementary information
=========================

 {#Sec17}

Supplementary information.

**Publisher's note** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary information
=========================

is available for this paper at 10.1038/s41598-020-66743-x.

We wish to thank to those who funded this research: to German Research Foundation (DFG) project PAK 824/B3; to Universidad Técnica Particular de Loja (UTPL), who leads the projects PROY_CCN_0030 funded for UTPL and PIC-13-ETAPA-005 funded for Secretaria de Eduación Superior, Ciencia, Tecnología e Innovación (SENESCYT). J.C.O. received the support of SENESCYT and Erzbischöfliches Ordinariat München, many thanks. This work was supported by DFG and the Technical University of Munich (TUM) in the framework of the Open Access Publishing Program. Also, we want to thank to Proofreading Service of TUM Graduate School. To Naturaleza y Cultura Internacional, Parque Nacional Cerros de Amotape, and the communities Malvas, El Cardo, and Piedras Blancas for allowing us to conduct this research on their reserves. Furthermore, to Diego González, Jorge Armijos, Geovanny Cango, Angel Gusmán, Johana Gusmán, Israel Medina, Yodán Zapata and Flavio Olaya for their support in the fieldwork.

J.C.O., P.H. and C.I.E. designed the study. J.C.O. performed the fieldwork, data analyses and wrote the document. J.C.O. and E.G.-M. undertook the data curation. J.C.O., P.H. and M.W. discussed the results. P.H., M.W., C.I.E. and Z.A.M. reviewed the paper.

The datasets are available as supplementary information. R scripts available upon request. Please email to jorge.cueva\@tum.de for R scripts derived from freely available R packages: see material and methods for more details.

The authors declare no competing interests.
